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Magnetic domain wall motion by spin transfer - De´placement de paroi magne´tique
par transfert de spin
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1Unite´ Mixte de Physique CNRS/Thales and Universite´ Paris Sud 11, 1 ave A. Fresnel, 91767 Palaiseau, France
The discovery that a spin polarized current can exert a large torque on a ferromagnet through
a transfusion of spin angular momentum, offers a new way to control a magnetization by simple
current injection, without the help of an applied external field. Spin transfer can be used to induce
magnetization reversals and oscillations, or to control the position of a magnetic domain wall. In
this review, we focus on this last mechanism, which is today the subject of an extensive research,
both because the microscopic details for its origin are still debated, but also because promising
applications are at stake for non-volatile magnetic memories.
Par transfert de moment cine´tique, un courant polarise´ en spin peut exercer un couple sur
l’aimantation d’un nano-aimant. Cette de´couverte permet de controˆler la direction d’une aimanta-
tion par simple injection de courant, sans l’aide d’un champ magne´tique exte´rieur. Le transfert de
spin peut eˆtre utilise´ pour induire des renversements ou des oscillations d’aimantation, ou encore
pour controˆler la position d’une paroi magne´tique. Dans cette revue, nous nous concentrerons sur
ce dernier me´canisme, qui est aujourd’hui le sujet d’intenses recherches. En effet, non seulement ses
origines microscopiques sont encore sujettes a` de´bat, mais de plus de tre`s prometteuses applications
aux me´moires magne´tiques non-volatiles sont en jeu.
1-Introduction on the spin transfer effect
The spin transfer effect allows to manipulate
the magnetization of a nanomagnet without the
help of an applied magnetic field. This phenom-
ena was theoretically predicted in 1996 by L.
Berger [1] and J. Slonczewski [2]. It immediately
attracted a lot of attention both for its funda-
mental interest as a new spintronic effect and its
huge potential for applications. The spin trans-
fer takes its origin in the transfusion of magnetic
momentum from a spin polarized current to the
local magnetization. For large current densities,
typically of the order of 107 A.cm−2, the spins
carried by the conduction electrons can exert a
torque large enough to reverse or destabilize the
magnetization of a small magnetic object, typi-
cally with lateral dimensions smaller than a few
hundred nanometers.
The principle of spin transfer is illustrated on
Fig.1. A spin polarized current, with spins point-
ing up in the z direction is propagating in the x
direction. It enters a ferromagnetic zone, with
the magnetization M canted to an angle θ with
respect to z. The spin current therefore has a
component transverse to the local magnetiza-
tion. Due to the large exchange field (≈ 1000
T), the spins carried by the conduction elec-
trons start to precess around M. After approx-
imately one rotation the coherence is lost due
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FIG. 1. Illustration of the spin transfer effect principle. Here,
the spin transfer torque τ induced by the spin-polarized cur-
rent tends to tilt the magnetization M towards the z axis.
to the diffuse transport in ferromagnetic met-
als, and in average, the spins are aligned with
M : the transverse spin component has been
lost. Through the conservation of momentum,
it is transfered to the magnetization M in the
form of a torque. This torque tends to rotate
the magnetization vector, in the case illustrated
on Fig.1 towards the z axis. The direction of this
spin transfer torque is related to the sign of the
injected current. Its amplitude depends on the
degree of polarization of the spin current, as well
as the current density. The decoherence process
leading to the loss of the transverse component
of the spin current is practically an interface ef-
fect [3]. It occurs on a very small lengthscale
λdecoh, typically for 3d transition metals like Co,
2λdecoh ≈ 1-2 nm.
The first experiments clearly proving the ex-
istence of the spin transfer effect date from the
years 2000 [4–7]. Magnetization manipulation
by spin transfer can take several forms. It is
possible either to switch or drive into sustained
oscillations a quasi-uniform magnetization, i.e.
a macrospin as already reviewed in this journal
[8], or it is possible to control the position of a
magnetic domain wall.
We will concentrate in this paper on spin trans-
fer induced magnetic domain wall motion. Mag-
netic domain walls have always attracted a lot
of studies, for fundamental and applicative rea-
sons. They are small magnetic objects (a Bloch
wall width can be below 10 nm), that propagate
with large speeds [9–11] (≈ 100 m.s−1), and can
therefore be used to transmit or store informa-
tion.
In section 2, we will present the first experi-
ments that proved the possibility to manipulate
a magnetic domain by spin transfer. In section
3, we will briefly describe the theoretical back-
ground for current-induced domain wall motion
in the classical geometry where the current is in-
jected in the plane of the magnetic layers. Sec-
tion 4 will review the most important applica-
tions foreseen for this phenomena, with a spe-
cial focus on the most recent : the spintronic
memristor. This will lead us to the last section
(5), dedicated to recent developments showing
that another geometry, using perpendicular cur-
rent injection, opens new exciting perspectives
to spin transfer induced domain wall motion.
2-The first experiments
As soon as in the 80s, Luc Berger has the in-
tuition that a spin polarized current can inter-
act with a magnetic domain wall, leading to its
motion. He very early proposed different phys-
ical mechanisms that could potentially lead to
such effect [12–14]. These studies converged to-
ward the spin transfer theory in 1996 [1, 2]. To-
gether with his team, he also performed pioneer
experiments to put this interaction into evidence
[15–17]. Nevertheless in the 80s, the lithography
techniques allowing to fabricate samples with
sub-micrometer dimensions were not available.
Two main problems were therefore faced. First,
it was not possible to isolate a single domain
wall. Secondly, the macroscopic dimensions of
the samples prevented the injection of large cur-
rent densities without overheating. That’s why
the first conclusive experiments were only per-
formed in the years 2000 [18–20]. By using e-
beam lithography techniques, it was then pos-
sible to fabricate magnetic stripes, a few mi-
crometers long, with a cross section of a few
nm by a few hundred nm. This stripe geometry
favours magnetization reversal by domain wall
nucleation and propagation. By engineering do-
main wall traps, using for example constrictions
in the stripe, or simply the natural defects aris-
ing from the lithography process, it was possible
to pin a single magnetic domain wall. Thanks to
the small cross section of the samples, the cur-
rent densities necessary to move the domain wall
where reached for reasonable injected dc currents
of typically a few mA. The domain wall position
was detected by transport measurement. For
stripes made of a single magnetic material, the
Anisotropic Magnetoresistance (AMR) was used
[19]. Nevertheless, AMR has two disavantages,
first it will always be a small effect (< 1 %), sec-
ondly it allows only to detect the presence of a
DW, not its position.
In our experiments, we used a different detec-
tion scheme [18, 20]. Our stripes were composed
of a magnetic metal 1 / normal metal / mag-
netic metal 2 sandwich, called spin-valve. This
allowed us to use the Giant Magnetoresistance
effect (GMR) [21] (that can reach more than
10 % at room temperature) to detect the do-
main wall position. We chose a highly coercive
Cobalt layer for the bottom magnetic layer 2,
so that its magnetization would remain fixed.
For the top layer on the contrary we used a
NiFe layer with low coercivity, in which a do-
main wall could easily propagate. Due to the
GMR effect, when the magnetizations of the Co
and NiFe layers are parallel (P state), the resis-
tance is low, RP ≈ 402.7 Ω as can be seen from
the resistance versus field curve of Fig. 2(a).
When they are antiparallel (AP state), the resis-
tance is larger RAP ≈ 406 Ω. When a domain
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FIG. 2. (a) GMR minor cycle associated with the reversal of
the permalloy layer of the Co/Cu/NiFe trilayer at T=300 K.
The field is applied along the stripe. The magnetization of
the Co layer is pinned in the positive field direction. Colored
curves : variation of the resistance when the cycle is stopped
at one of the plateaus and the field is brought back to zero.
Also sketched are the DW position in the Py stripe and the
magnetic configuration corresponding to the levels 1, 2, and 3.
(b) Resistance vs current in very low constant field H (3 Oe)
along the stripe : motion from 2 to 3 with a positive current
and back to 2 with a negative current. The numbers 2 and 3
refer to the DW configurations and corresponding resistance
levels of (a). A small contribution (∝ I2), due to the joule
heating (∆T ≈ 5 K), has been subtracted for clarity.
wall propagates in the NiFe layer, the resistance
takes intermediate states between RP and RAP ,
since R = RAP .x/L + RP .(1 − x/L) where x is
the domain wall position and L the length of
the wire between the contacts. Due to the im-
perfect lithography process, the stripe has some
edge roughness that naturally tends to pin the
domain wall at some specific positions. We first
apply a magnetic field along the stripe to con-
trol the initial domain wall position. In the resis-
tance versus field curve, the domain wall pinning
appears as resistance plateaus, each plateau cor-
responding to a given pinning site (labelled 1-3 in
Fig. 2(a)). In order to study the curent-induced
domain wall motion, we trapped the domain at
the pinning center 2, by monitoring the resis-
tance with very low applied current. Then we
ramped up the dc current. As can be seen from
Fig. 2(b), at about + 0.7 mA, a resistance jump
occurs, corresponding to domain wall motion to
the plateau number 3. By sweeping the current
to negative values, the domain wall moved back
to its initial position 2 at I ≈ - 0.7 mA. This hys-
teresis cycle proves the possibility to induce back
and forth domain wall motion by current injec-
tion. At the low fields (3 Oe) at which this exper-
iment was performed, the domain wall propaga-
tion direction depends on the sign of the current,
which is consistent with spin transfer effects (see
Fig. 1). Because the stripe is not composed of
a single material, the exact determination of the
current density through the NiFe layer in which
the domain wall propagates is delicate. We have
estimated that a higher limit for the current den-
sity corresponding to the threshold current 0.7
mA is 9.3 106 A.cm−2, in agreement with the
predicted current densities [1, 2].
3-Theory for domain wall motion in the
classical lateral geometry
The first experiments were performed using
magnetic materials in which the magnetization
naturally lies in the plane of the layers (in-plane
magnetic anisotropy). NiFe is still the most
widely used material thanks to its low coerciv-
ity. In this case, the stripe geometry favours the
formation of Neel type walls. The magnetiza-
tion rotates in the plane of the layer, resulting
in domain wall sizes of a few hundred nanome-
ter, comparable to the stripe width. When a
current is injected in the stripe, it gets polarized
by s-d interaction with the local magnetization.
Since the wall width is much larger than the spin-
diffusion length (≈ 4 nm at room temperature
in NiFe) or the coherence length λdecoh (≈ 1-2
nm), the magnetization rotates slowly enough
for the spins of the conducting electrons to fol-
low adiabatically the local spins in the wall. The
spin-transfer torque can then be written for the
continuously rotating magnetization m in the
wall : TSTT = −(u.∇)m, where u is a veloc-
ity proportional to the amplitude of the torque
: u = JPgµB/(2eMs
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FIG. 3. Sketch of the spin transfer ballistic torque on a do-
main wall.
density, P the spin polarization, g the g-factor,
µB the Bohr magneton, e the electron charge,
and Ms the magnetization at saturation of the
ferromagnetic layer. m is a unit vector along the
magnetization.
In order to examine the consequences of the
spin transfer torque on the magnetization mo-
tion, it is useful to add it into the Landau-
Lifshitz-Gilbert equation that describes the mag-
netization dynamics :
dm
dt
= −γ0m×Heff +αm×
dm
dt
− (u.∇)m (1)
In this equation, γ0 is the gyromagnetic ra-
tio, Heff the effective field including the applied
magnetic field but also other contributions from
the different magnetic anisotropies and α is the
viscous Gilbert damping. Both by solving ana-
lytically this equation or by introducing it in mi-
cromagnetic simulations, the predicted threshold
current densities for domain wall motion were
found one order of magnitude too large com-
pared to experiments [22]. Thiaville et al. soon
pointed out that this discrepancy arises from the
fact that the spin transfer torque as introduced
in Eq. (1) does not have the proper symme-
try to push the domain wall [24] . Indeed ef-
ficient domain wall motions are obtained by a
rotation of the spins around the large demag-
netizing field. This demagnetizing field origi-
nates from the magnetic charges created when
the spins in the DW are tilted out-of-plane. The
spin transfer torque written in the form of Eq.
(1) is in plane, and therefore cannot induce this
demagnetizing field. Different authors then sug-
gested that in order to understand the experi-
mental current densities, it was necessary to in-
troduce an additional term in the LLG equation
[23, 24]:
dm
dt
= −γ0m×Heff + αm×
dm
dt
− (u.∇)m
+ βm× [(u.∇)m] (2)
This last torque points out-of-plane, and gen-
erates in turn the demagnetizing field necessary
for efficient wall motion. It has the same symme-
try as a magnetic field applied in the direction
of one of the magnetic domains sandwiching the
wall. β is like the Gilbert damping α a dimen-
sionless parameter. If the necessity to introduce
this beta term is now widely recognized, its phys-
ical origin, as well as its amplitude compared to
α is still under debate.
For very narrow domain walls as can be ob-
tained for perpendicular anisotropy materials
such as FePt, CoPt or CoNi, a term with the
symmetry of Tβ naturally arises from the inter-
action of the current with the wall. Indeed, when
the wall thickness is limited to a few nm, the
condition of adiabacity is not fulfilled anymore.
Tatara and Kohno have calculated that in this
case, the spin transfer effect becomes weak and
the dominant contribution is momentum trans-
fer, due to the reflection of electrons on the wall
[25].
Nevertheless, this non-adiabatic torque is ba-
sically zero for the case of thick magnetic walls,
and cannot systematically be identified to the
last term of Eq. (2) [26]. The most recent the-
ories show that, in fact, in the adiabatic limit,
spin relaxation processes that are at the origin of
the damping α (spin-flip scattering or spin-orbit
coupling) also induce a second term, similar to β,
when the transport is taken into account [27–29].
Nevertheless, there is no consensus on the value
of β, some calculations indicating that β should
be equal to α [28], while other models point our
that this is not the case in general [27, 29].
The experimental studies also give very dis-
perse values for the β parameter. For vortex
walls in Permalloy, β has been determined by
different methods : imaging and measuring the
current-induced wall displacements (β ≈ α) [30],
5current pulse induced oscillatory DW depinning
(β ≈ 8 α in ref [31] and β ≈ 2 α in ref [32]), field-
assisted current-induced domain wall depinning
(β ≈ 2 α) [33]. This diversity of results also oc-
curs for perpendicular anisotropy materials with
sharp domain walls as Co/Pt, where a β value of
0.35 has been measured by field-assisted current-
induced domain wall depinning (to be compared
to α ≈ 0.15) [34], and β ≤ 0.02 by comparing
current and field slight domain walls displace-
ment in a potential well [35].
This dispersion of results most probably orig-
inates from additional contributions to the
spin transfer torque, varying depending on the
method employed to determine β. Among them
can be listed the current-induced Oersted field
[11], Joule heating, all spin-orbit phenomena in-
cluding Rashba effect [36], automotive force [37].
Recent experiments use thermally activated
domain wall depinning with sub-threshold cur-
rent densities in order to determine the β param-
eter [38, 39]. This method has the advantage to
work in the linear regime, and also to directly
integrate thermal effects otherwise regarded as
undesirable. In this way, Burrowes et al. [38]
find values of β slightly smaller than α ( βCoNi
= 0.022 to be compared to αCoNi = 0.032; and
βFeP t = 0.06 to be compared to αFeP t = 0.1)
in perpendicularly magnetized materials. These
low values are very surprising since the sharp
domain walls should give rise to a non-negligible
non-adiabatic contribution to β, in addition to
the spin relaxation adiabatic term. By a sim-
ilar method Eltschka et al. [39] determine in
Permalloy that β = 0.01 for a Transverse Wall,
and 0.073 for a Vortex Wall. The larger value
for the vortex wall is attributed to a larger non-
adiabatic contribution due to the large gradient
of magnetization in the vicinity of the vortex
core. This last result evidences that the β term
is not intrinsic to the material, but is highly sen-
sitive to the micromagnetic structure of the wall,
which is another point explaining the dispersion
of results for a given material.
4-Applications
Several cutting edges devices using the spin
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FIG. 4. Illustration of the principles of (a) the racetrack mem-
ory (b) the DW-RAM
transfer induced DW motion have been pro-
posed. Most of them concentrate on memory
effects, taking advantage of the non-volatility of
magnetic domains (storing bits) and the speed
of DW propagation (fast writing). In the fol-
lowing, we will review the two main applica-
tions called the ”‘racetrack memory”’ and the
DW-RAM (Random Access Memory). Then we
will describe a new emerging and exciting poten-
tial application of current-induced DW motion
to neuromorphic systems : the DW spintronic
memristor.
Racetrack memory
The ”‘Racetrack Memory”’ concept was intro-
duced by S.S.P. Parkin from the Almaden I.B.M.
center [40]. The principle is illustrated on Fig. 4
(a). The basic element of the racetrack mem-
ory is a sub-micrometer wide magnetic stripe
with alternating domains pointing in opposite
directions, separated by domain walls. One of
the key advantages of current induced DW mo-
tion is that the DW propagation direction is in-
dependent of the domain wall chirality. For a
given current polarity, head to head and tail to
tail DWs will move in the same direction. It is
therefore possible to push back and forth trains
of DWs. This is not the case when an exter-
nal field is applied. A magnetic field tends to
increase the size of the domains pointing in the
same direction, which leads to DW annihilation
until finally for large enough field the magnetiza-
tion becomes homogeneous. The racetrack mem-
ory is a storage device. Like in the low cost hard
drives, bits are encoded in the alternative do-
mains directions. Contrarily to the hard drives,
there is no rotation of mechanical parts, which
6promises increased speed. Pulsed current injec-
tion is used to move the domains back and forth
in order to intersect with the reading (a mag-
netoresistive device) and writing (fringing fields
with controlled direction) elements. The race-
track is composed of an array of such stripes,
stacked either horizontally or vertically. A pro-
totype by I.B.M. should be due in 2013. Never-
theless, one of the major challenges to face for
the racetrack memory is the potential degrada-
tion due to repeated injection of the large current
densities required to move DW (≈ 108 A.cm−2),
close to the breakdown electromigration thresh-
old.
DW-RAM
Another concept of DW based memory is the
DW-RAM. The principle is illustrated on Fig.
4 (b). Inspired by the architecture of MRAMs
(Magnetic Random Access Memory), the build-
ing block is a sub-micrometer size magnetic tun-
nel junction, i.e. a ferromagnetic fixed layer / in-
sulating barrier / ferromagnetic free layer sand-
wich. This device takes advantage of the large
amplitude of the tunnel magnetoresistance effect
(TMR), about 100 % for crystalline MgO tunnel
barriers [41, 42]. As described in our 2004 patent
[43], the idea is to use spin transfer induced do-
main wall motion to switch the bit from ”‘0”’
(P state) to ”‘1”’ (AP state). The free layer is
therefore a low coercivity ferromagnetic stripe
in which a domain can be moved back and forth
depending on the polarity of the pulsed current
injected in the stripe, as shown on Fig. 4 (b).
Recently, the japanese company NEC has built
a small prototype of such a DW-RAM [44]. They
have used perpendicularly magnetized materials
(Co/Ni for the free and Co/Pt for the fixed layer)
to reduce the domain wall size and increase the
thermal stability. The high frequency operation
of their prototype should enable the DW-RAM
to compete with SRAMs.
DW spintronic memristor
A new exciting potential application of domain
wall motion by spin transfer is the spintronic
memristor. The difficulty to provide large num-
bers of synaptic connections has slowed down
the development of neuromorphic circuits, which
are still far from the performances of their bio-
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FIG. 5. Sketch of the (a) lateral injection GMR (b) vertical
injection TMR spintronic memristors
logical counterparts. Using dynamical analog,
reconfigurable nanoscale devices for the synap-
tic nodes would result in tremendous gains in
terms of power, dissipation, miniaturization and
computational efficiency . In 2008, the Hewlett-
Packard team of S. Williams have demonstrated
such devices, called ”memristors”, that could be
the key to future developments of neuromorphic
circuits [45].
A ” memristor ” is an analog tuneable resis-
tance. The more intense is the current through
the structure, and the longer it is injected, the
more the resistance changes . Actually, a mem-
ristor is a continuously tuneable resistance M
such that v = M(q)i [46]. This current-voltage
relation directly implements the fact that the
synapse transmission depends on the informa-
tion it has previously processed (plasticity). The
device proposed by Hewlett-Packard is based on
resistance changes due to voltage induced oxy-
gen vacancies displacement in a titanium dioxide
layer [47]. Being based on ions electromigration,
this device could suffer from potential fragility.
Spin-transfer induced domain wall motion in
7a spin valve structure is intrinsically a memris-
tive effect. As we have seen in a previous sec-
tion, the resistance of the GMR device shown
in Fig. 5 (a) is R = RAP .x/L + RP .(1 − x/L)
where x is the domain wall position and L the
length of the wire between the contacts. For cur-
rent densities above a threshold value Jc, defined
in particular by the initial pinning of the DW,
the DW propagation speed u is proportional to
the injected current : u = γI [48, 49]. Spin-
transfer can generate domain wall speeds above
100 m/s [9, 10], which means that the resistance
of a sub-micron ”spin memristor” can be mod-
ified in a few nanoseconds. The displacement
is given by : x(t) = γIt = γq, where q is the
total injected charge. The device resistance de-
pends on the charge, and not only on the cur-
rent, which confers this memristor its memory
effect. For a perfect sample (no pinning center),
the memristance is equal to (case of figure 1 (a))
: M(q) = RP+(RAP−RP )(γ/L)q. This device is
a multi-state analog resistance controlled by the
injected charge, via spin transfer induced DW
motion. When the current is set back to zero,
the device keeps its last resistance value. By
changing the initial magnetic configuration, the
memristor can be changed from an ”inhibitory”
(the resistance increases) to an ”excitatory” (the
resistance decreases) artificial synapse.
The problem with the device presented above
is the small resistance variations obtained when
the domain wall is propagating, since the GMR
ratio is only a few percent in standard stacks. In
order to increase the resistance changes, the tun-
nel magnetoresistance effect can be used, which
requires to replace the metallic normal spacer by
a thin insulating barrier, in the manner of the
DW-RAM. Nevertheless, the device represented
in Fig. 4 (b) is not strictly speaking a memris-
tor. Although the resistance can be continuously
tuned by current injection through the bottom
electrode, it is a three terminal device. The cur-
rent paths for writing (lateral) and reading (ver-
tical) are not the same and the memristor def-
inition v = M(q)i is not respected. Therefore,
fabricating a memristor device using a magnetic
tunnel junction would imply to be able to move
a domain wall back and forth by vertical current
Θmi
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FIG. 6. Illustration of the spin transfer effect in a trilayer
structure.
injection, as sketched in Fig. 5 (b). This is the
mechanism that we propose in a recent patent
[51]. In that case, the memristance formula is
modified : M(q) = RAP/[1 + (γ/L).q.(RAP −
RP )/RP ]. The next section is dedicated to the
theoretical and experimental grounding of do-
main wall motion with vertical spin injection.
5-Domain wall motion by perpendicu-
lar spin injection / the domain wall based
spintronic memristor
Vertical current injection through a magnetic
trilayer with homogeneous magnetizations is the
original case considered by John Slonczewski [2].
In this type of structure, illustrated in Fig. 6, the
spin transfer effect does not arise from a contin-
uously rotating magnetization in a single layer,
but from the tilt between two magnetizations in
different layers. The reference layer, FM1, is a
fixed polarizer for the conduction electrons. The
second layer FM2 is the free layer that can be ex-
cited by the torque arising from the transfusion
of the transverse component of the spin current.
In this geometry the spin transfer torque TSTT
is composed of two terms TSTT = TIP +TOOP
[52, 53]. TIP, the in-plane torque is often re-
ferred to as the Slonczewski torque, while TOOP
is indifferently called out-of-plane or field-like
8torque.
TIP = −γaJm× (m×mref )
TOOP = −γbJm×mref (3)
γ is the gyromagnetic ratio, m and mref are
unit vectors along the direction of respectively
the free layer and the fixed reference layer, aJ
and bJ are the amplitudes of the torques.
Few works have focused on domain wall con-
trol by perpendicular current injection [54–57].
We have recently predicted [58] that, when the
free and reference layers are based on materials
with the same anisotropy (either in-plane or per-
pendicular), the driving torque for domain wall
motion is the out-of-plane field-like torque. In-
deed, TOOP produces a magnetic field in the di-
rection of the reference layer, that has the proper
symmetry to push the DW along the free layer.
On the contrary, the in-plane torque can only
shift slightly the domain wall of a few nanome-
ter. While the out-of-plane torque amplitude is
very small in metallic spin-valves [59, 60] typ-
ically bJ << 0.1 aJ , it has been shown exper-
imentally that in magnetic tunnel junctions it
can reach 30 % of the in-plane torque [61, 62].
In magnetic tunnel junctions with the same
composition for the top and bottom electrodes,
the out-of-plane field-like torque exhibits a
quadratic dependence with bias [61, 62]. In order
to obtain inverted DW motions for opposite cur-
rent directions, some degree of asymmetry has to
be introduced. It has been recently shown that
by using electrodes with different composition, it
is possible to induce a linear dependence of the
out-of-plane torque at small bias [63, 64].
In order to demonstrate the domain wall mo-
tion by vertical spin injection, we use a mag-
netic tunnel junction with a thin MgO barrier
(1.1 nm thick), a top (CoFe 1nm/NiFe 4 nm)
free electrode and a CoFeB 3 nm reference elec-
trode. The tunnel junction cross section has a
specific U-shape, with a wire width of 210 nm.
This geometry facilitates DW creation close to
the wire edge, as shown by the micromagnetic
simulations in the inset of Fig. 7. In our con-
vention, a positive current corresponds to elec-
trons flowing from the reference to the free layer.
In Fig.7 , we show the resistance versus current
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FIG. 7. Resistance versus current hysteresis cycle obtained
by vertical current-induced domain wall motion in a magnetic
tunnel junction. A fixed applied magnetic field of -10 Oe is
applied. Inset : micromagnetic simulations (top view of the
tunnel junction cross section) showing the initial domain wall
position and configuration.
curve obtained with vertical current injection.
The initial resistance is 16.6 Ω. In addition to
the expected bias dependence of the tunnel resis-
tance, we clearly observe irreversible resistance
jumps. By sweeping the current to positive val-
ues, the resistance is switched at I = + 7 mA to
a lower resistance state corresponding to another
domain wall position, stable at zero current, with
a low bias resistance of 16.1 Ω. By applying a
negative current of -10.4 mA, it is then possible
to move back the domain to its initial position.
We thus demonstrate the possibility to move a
domain wall back and forth between two pin-
ning centers by perpendicular dc current injec-
tion. The current densities corresponding to the
DW motion are lower than 4 106 A.cm−2, as can
be seen from the top x axis of Fig.7. The use of
perpendicular current injection therefore allows
to reduce the current densities by a factor 100
compared to the classical lateral current injec-
tion. These recent results pave the way towards
the implementation of fast and robust spintronic
memristors.
Conclusion
Research on current-induced domain wall mo-
9tion is a very active field and as shown in sec-
tion 3, the microscopic origin of the effect is still
largely debated. Many promising applications
are at stake, among them the racetrack mem-
ory, the domain wall RAM, and, as proposed
recently, the spintronic memristor. One of the
latest developments, domain wall control by ver-
tical current injection, promises a reduction of
current densities by more than 2 orders of magni-
tudes. This result should motivate new advances
in the field, accelerate the use of spin transfer in-
duced domain wall motion in industrial devices,
and maybe open the path to new applications.
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